the reduced Zn and protein availability was due to dilution of nutrients with more grain yield relative to the amount of nutrient uptake. However, the results also showed that P application increased phytic acid in grain, which binds with P and Zn for reduced availability. Soil application of Zn reduced phytic acid in wheat grain (Erdal et al., 2002) .
The objectives of this research were to determine the effects of N, P, and K application (NPK) and of a Mg, S, Zn, and B combined application (MgSZnB) on nutrient concentrations in grain and storage roots. It was hypothesized that NPK application causes much increased yield with a diluting effect on concentrations of nutrients in grain and cassava roots. It was also hypothesized that MgSZnB application would result in increased concentrations of these nutrients due to an increase in their uptake proportionally greater than resulting the yield increase.
MATeRIALs AnD MeTHODs
Data from 70 trials conducted in Mali, Niger, Nigeria, and Tanzania implemented for the determination of crop nutrient response functions were used to evaluate fertilizer application effects on grain or storage root nutrient concentrations. The trials included: 3 for bean, 6 for cowpea (Vigna unguiculata L.), 4 for groundnut (Arachis hypogaea L.), 4 for pigeonpea (Cajanus cajan L.), 5 for soybean [Glycine max (L.) Merr.]; 16 for maize, 7 for pearl millet, 6 for rice, 9 for sorghum [Sorghum bicolor (L.) Moench], 4 for wheat, and 6 for cassava. These trials had three replications in a randomized complete block design with exceptions of some on-farm trials that had up to six replications.
The trials had 12 or more treatments but the analysis of grain samples was limited to the treatments with no fertilizer applied; the treatment with 90, 15, and 20 kg ha -1 N, P, and K applied (NPK) but with N excluded for the pulse crops (PK), except for bean, which had 30 kg ha -1 N; and a treatment comparable to the macronutrient treatment but with 10 kg ha -1 Mg, 15 kg ha -1 S, 2.5 kg ha -1 Zn, and 0.5 kg ha -1 B also applied (MgSZnB). Response to applied N was evaluated with 0 and 15 kg ha -1 P uniformly applied. Response to applied P, K, and MgSZnB were evaluated for nonlegumes with uniform applications of 90 kg ha -1 N 15 kg ha -1 P and 20 kg ha -1 K, respectively. The uniform N applications were excluded in evaluation of legume responses to applied P, K, and MgSZnB. Other details of these trials were reported by Cyamweshi et al. (2018) , Garba et al. (2018a) , Kaizzi et al. (2018) , Maman et al. (2017 Maman et al. ( a, 2017b , Maman et al. (2018) , Munthali et al. (2018) , Ndungu-Magiroi et al. (2017) , , Serme et al. (2018a Serme et al. ( , 2018b , Tarfa et al. (2017) , and Wortmann et al. (2018) . Major soil group and soil test information reported in these publications is summarized in Table 1 .
Dried grain or cassava flour samples of 50 g were collected for each of the three treatments in each replication. These were milled and sent to the World Agroforestry Center Soil-Plant Spectral Diagnostic Laboratory in Nairobi, Kenya for analysis of N, P, K, Ca, Mg, S, Zn, Cu, Fe, Mn, B, and Mo concentrations (https:// www.worldagroforestry.org/sd/landhealth/soil-plant-spectraldiagnostics-laboratory/sops) ( Table 2 ). The analysis was with midinfrared spectral analysis after fine-tuning the calibration with results of wet chemistry analysis of one sample for each trial.
Pearson correlation coefficients were determined for nutrient concentrations in the pulse and cereal groups. Analyses of variance were done by crop, and by pulse crops and warm season cereal crops overall, to determine treatment effects. Country and crop means were also determined. Data analyses were done using Statistix 10 (Analytical Software, Tallahassee, FL). Results were considered significant when P ≤ 0.05.
ResULTs
The mean yields with no fertilizer applied and increases due to N, P, K, and MgSZnB were summarized mostly from published works (Table 2 ). Yield increases due to N and P application were common but responses to K and MgSZnB were much less common.
With the exception of grain Mn for cereals and P for pulses, nutrient concentrations were positively correlated with N and K whereas correlations with P were generally weaker and Mean nutrient concentrations differed by country and crop but, as crops differed by country, there was a confounding of mean results. However, pulse nutrient concentrations tended to be relatively high in Nigeria and relatively low in Niger with exceptions such as high P and low Cu, Fe, and Mn concentrations in Tanzania (Table 4 ). In contrast, cereal nutrient concentrations were generally relatively high in Niger and often low in Mali.
Grain nutrient concentrations for pulses overall were highest for soybean followed by groundnut and lowest for cowpea and pigeonpea. Groundnut grain had the highest Mg, S, and B concentrations and soybean had the highest Zn concentration. For cereals, with wheat excluded, grain nutrient concentrations were most often highest for sorghum followed by rice and lowest for maize.
The grain for the no fertilizer treatment was not sampled for the bean trials. Bean grain nutrient concentrations were higher with NPK compared with MgSZnB for N, K, Mg, S, Zn, Cu, Fe, Mn, and B, but less for P and Ca (Table 5 ). All nutrient concentrations for cowpea, groundnut, and soybean were not affected by PK or MgSZnB. Pigeonpea Fe and Mo were less with MgSZnB compared with no fertilizer applied. Table 2 . Mean crop yields with no fertilizer applied (Y0) and yield increases with 90 kg ha -1 N (N90), 15 kg ha -1 P (P15), 20 kg ha -1 K (K20), or a diagnostic treatment (MgSZnB) applied for trials conducted in four countries (Co.) of tropical Africa. Maize grain N, Ca, S, Cu, Mn, and B concentrations were highest with NPK (Table 6 ). Maize Zn concentration was increased with MgSZnB, but Mg, S, and B concentrations were not increased. Pearl millet grain Zn concentration was increased by NPK application but other nutrient concentrations were not affected. Only rice Zn concentration was increased by NPK. Rice nutrient concentrations were less with MgSZnB compared with NPK for N, P, K, Ca, S, Cu, Mn, and B. Sorghum and wheat grain nutrient concentrations were not affected by NPK or MgSZnB. Compared with other cereal crops, wheat grain had relatively low K, Ca, Mg, Fe, Mn, B, and Mo concentrations.
Cassava K and Fe concentrations in storage roots were increased with NPK and MgSZnB (Table 5 ). There were nonsignificant trends of increased storage root concentrations for Ca, Cu, B, and Mo with NPK.
DIscUssIOn
The results required rejection of both of the stated hypotheses. Macronutrient application generally increased yield and more frequently resulted in grain or storage root nutrient concentration increases rather than decreases due to nutrient dilution. The MgSZnB treatment resulted in generally decreased nutrient concentrations for maize, rice, and bean, with little effect for other crops.
The grain nutrient concentrations varied inconsistently with those previously reported. Bean grain concentrations compared with McClean et al. (2017) were high for Ca, Fe, and Mn; similar for Zn and B; and low for P, K, Mg, S, Cu, and Mo. Groundnut grain concentrations compared with Pathak et al. (2013) were high for P, Mg, S, Cu, Fe, Mn, and Zn; similar for P and Ca; and low for K. Soybean grain concentrations compared with Bellaloui et al. (2009) were similar for N, K, B, and Zn. Soybean grain B was similar to that reported by Ross et al. (2006) . Maize grain concentrations compared with and were high for K, Ca, S, Fe, Mn, and Cu; similar for Mg and Zn; and low for N and P. Rice grain concentrations compared with Coffman and Juliano (1987) were high for K, Ca, Mg, Fe, and Zn; and similar for N. Wheat grain concentrations compared with Calderini and Ortiz-Monasterio (2003) were high for Ca, K, P, Cu, Fe, Mn, and Zn; similar for Mg; and low for S. Nutrient concentrations for storage roots of cassava compared with Howeler (2002) were high for N, P, Mg, and Mn; similar for Ca, S, and Fe; and low for K, Zn, Cu, and B. For these comparisons with reference values, 52, 25, and 23% of the nutrient concentrations were high, similar, and low, respectively. Bean and cassava had the highest frequencies of low levels compared with the references whereas groundnut, rice, and wheat had the highest frequencies of high levels relative to the references. Concentrations of Fe and Mn were relatively high compared with the references whereas P and K concentrations were most often low. These results do not support suggestions of generally low nutritional qualities of stable foods produced in tropical Africa (Nubé and Voortman, 2011) , but low-quality diets do occur such as with insufficient consumption and unbalanced diets.
Application of PK generally had no effect on grain nutrient concentration, except for a few cases of decreased concentration and no mean increases (Table 5) . Cassava K and Fe were increased with NPK. Cereal grain N, Ca, Mg S, Cu, and B concentrations were frequently increased with NPK, whereas -----------g kg -1 ---------------------mg kg -1 --------- NPK did not often result in decreased nutrient concentration. Application of MgSZnB tended to decrease bean, maize, and rice grain concentrations compared with NPK and had little effect on concentrations for other crops, with exceptions, including for grain K, Ca, and B for pulses overall (Table 5 and 6 ). Increased yield with nutrient application can result in dilution of grain nutrient concentrations (Buerkert et al. 1998) . Pulse yield increases due to PK may have been sufficient to increase capacity for nutrient uptake while having some grain nutrient dilution effect resulting in overall little effect on nutrient concentrations (Table 2) . Application of NPK caused cereal yield increases as well as increases in grain concentrations of some nutrients although with no effects on N, P, and K concentrations. Cassava K concentration was increased with NPK. Therefore, application of NPK resulted in sufficiently increased grain and storage root nutrient uptake to compensate and sometimes exceed the dilution effect of nutrient concentrations due to increased yield.
The reasons for the frequent negative effect of MgSZnB on bean, maize, and rice nutrient concentrations are not clear. The nutrient concentration decreases generally exceeded the dilution effect of any yield increases. Decreased concentration due to application of MgSZnB for warm-season cereals was on average 24% for nutrients that are relatively immobile in plants including Ca, S, Fe, Mn, and B compared with a 6% decrease with the remaining relatively more mobile nutrients. In a review of 94 articles addressing 117 interactions between nutrients, 43 cases of synergism and 11 cases of antagonism for yield were reported (Rietra et al., 2007) . The reported antagonisms of applied nutrients of potential relevance to the current study were one each for N × S, K × Mg, and Mg × Zn. These antagonisms may have implications for grain and storage root nutrient concentrations, but apparently occur infrequently and were not a likely reason for the frequent occurrence of decreased nutrient concentrations with MgSZnB.
The greater negative effect of MgSZnB on immobile compared with mobile nutrients may be a clue. Much cereal grain fill in tropical Africa occurs after cessation of rainfall and soil water in the 0-to 0.2-m depth is soon depleted while uptake of deep water continues. Nutrient uptake, especially of applied immobile nutrients, is primarily from the 0-to 0.2-m soil depth. Therefore, nutrient uptake is likely often constrained during cereal grain fill, while starch accumulation continues. Translocation of mobile nutrients to grain partly compensated for the effects of the reduced uptake while the concentration of immobile nutrients disproportionately decreased. This does not, however, explain the decrease in overall nutrient concentration with MgSZnB while overall nutrient concentration for maize and rice was much increased with NPK.
Given the generally negative effect of applied MgSZnB on nutrient concentrations of edible food commodities, hopes of bio-fortification cannot justify including these nutrients in Table 5 . Fertilizer application effects on nutrient concentrations of pulse grain and cassava storage roots in tropical Africa on a dry-weight basis. tailored fertilizer blends. Such tailoring of blends needs to be based on evidence of profitable crop yield response to application of such secondary and micronutrients as soil test results have not been found to be predictive of crop response to their application in tropical Africa .
cOncLUsIOn With the exception of bean and cassava, nutrient levels in edible crop products of tropical Africa are generally not unusually low compared with norms reported by others, whereas nutrients levels overall were relatively high for groundnut, rice, and wheat. The nutrient concentrations for grain of cowpea and pigeonpea are relatively low compared with groundnut and soybean. Maize compared with rice and sorghum grain has relatively low grain nutrient concentrations. Application of PK often results in increased pulse crop yield without much effect on grain nutrient concentrations. Application of NPK to cereals and cassava results in increased yield overall and often increases rather than decreases concentrations for other nutrients. Application of MgSZnB on average results in modest mean yield increases but frequently causes reduced nutrient concentration for bean, maize, and rice grain. -----------g kg -1 ----------------------mg kg -1 ---------- 
